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a b s t r a c t
Na2V6O16·nH2O nanowires were synthesized using an environmentally friendly and one-step low-
temperature hydrothermal route. The synthesis involved the hydrothermal reaction between V2O5,
H2O2 and NaOH, without the addition of any organic surfactants or inorganic ions. X-ray diffraction
(XRD), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS) and ther-
mal gravimetric analysis (TGA) techniqueswereused to characterize the structure,morphology, chemical
composition and thermal stability of the nanostructured samples. High purity hydrated Na2V6O16·nH2O
nanowires of diameters around20–30nmcanbemore efﬁciently obtainedwhen subject to hydrothermal
treatment at 140 ◦C for 24h. The variation in the electronic and local atomic structure was analyzed using
X-ray absorption spectroscopy (XAS). Based on the results obtained from the present study, a mechanism
for the formation of Na2V6O16·nH2O nanowires in hydrothermal conditions was proposed.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
One-dimensional (1D) nanostructures, such as nanowires,
nanoribbons, nanorods and nanotubes have attracted considerable
attention due to their potential technological applications related
to their novel physical and chemical properties when compared to
bulk or nanoparticle materials [1–7]. Various strategies have been
developed in order to obtain one-dimensional (1D) nanomateri-
als. Nevertheless, several of those strategies must commonly be
subjected to high temperature and special conditions, with tedious
procedures and the products lacking morphological control [1–8].
In the last decades, a simple and effective methodology for the syn-
thesis of 1D nanostructures has been intensively studied and the
hydrothermal method has been used to obtain high anisotropic
nanostructures. This method has several advantages in terms of
synthesis control: the control of parameters such as reaction tem-
perature, pH and solvent concentration, as well as the addition
of templates or additives, making it possible to obtain samples
with different morphologies and structures in a simple manner
[4,6,8–10]. This is importantdue to the fact that technological appli-
cations of nanostructured materials are strongly related to their
crystalline structure, crystal size and morphology [4,6,7].
∗ Corresponding author. Tel.: +55 16 3373 9828.
E-mail address: w avansi@if.sc.usp.br (W. Avansi Jr.).
Among 1D nanostructures, vanadium oxides and their deriva-
tive nanostructured compounds have attracted the interest of
many researchers due to their wide range of applications, such as
eletrochromic devices, humidity sensors and ﬁeld emission (FE)
electron source [1,11–16]. These compounds have been obtained
by several methods [1,12–25]. Durupthy et al. studied the effects
of adding a base (NaOH or tetramethyl ammonium hydroxide
(TMAOH)) or a salt (NaCl or TMACl) to the vanadium oxide pre-
cursors obtained at room temperature after acidiﬁcation of a
metavanadate solution [23]. According to these authors, the pres-
ence of salts or bases during the formation of vanadium oxide
gels leads to an intercalation of the corresponding cation within
the already known V2O5·1.8H2O structure. Depending on the ﬁnal
pH of the acidiﬁed metavanadate solution, the Na0.3V2O5·1.5H2O
phase can be thermodynamically stable or it can evolve with time
[23]. Bouhedja et al. also studied the synthesis of polyoxovanadates
from aqueous solutions in the presence of inorganic and organic
cations [24]. These authors showed that the decavanadate crystals
are precipitated at room temperature of around pH 7. According
to Bouhedja et al., in the pH range of 5–9, both decavanadate and
metavanadate species are in equilibrium in aqueous solutions at
room temperature [24].
Zhou et al. reported the synthesis of NaV6O15 and
Na2V6O16·3H2O nanowires prepared from the reaction of V2O5
and NaHSO4H2O/Na2SO4 under hydrothermal conditions [8].
According to these authors, the key factor controlling the nanopar-
ticle morphology is the presence of sulfate in the solution and
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the hydrothermal treatment temperature [8]. Studies carried out
recently by Liu et al. showed that a ternary vanadium bronze
compound, NaV6O15 (Na0.33V2O5), constructed of highly ordered
nanorod structures could be easily synthesized via a hydrothermal
route at 205 ◦C for 4 days using V2O5, H2O2 and NaCl as the
precursors [15]. According to these authors, due to the unique
crystallographic structure and electrochemical characteristics,
the as-prepared NaV6O15 nanorods may be employed as cathode
material in rechargeable lithium sodium-based batteries [15].
However, the introduction of organic or inorganic additives as
templates and/or catalysts to the reaction system tends to make
the synthesis more complicated, and may bring about an increase
of impurity concentration in the ﬁnal product [8].
Recently, our research group reported a systematic study on
the synthesis of V2O5nH2O nanostructures with morphology,
crystal structure and amount of water molecules between the lay-
ered structures regulated by strictly controlling the hydrothermal
synthesis variables [25]. The abovementioned synthesis was per-
formed following the V2O5–H2O2 route. Additionally, we showed
that oriented attachment (OA) plays an important role in the
growth mechanism of these nanostructures obtained by the
hydrothermal route [26]. This synthesismethodologyhasproven to
be an easy and environmentally friendly approach to obtain nanos-
tructured materials because it avoids the presence of foreign ions
or organic ligands and offers an accurate means of controlling the
concentration of vanadium [27].
Thus, based on our previous results where V2O5·nH2O nanos-
tructures were successfully synthesized, the present paper
proposes a clean and efﬁcient route to prepare a 1D mul-
ticomponent Na2V6O16·nH2O vanadium based nanostructured
compound using a relatively low synthesis temperature based on
the hydrothermal treatment of peroxovanadate in the presence of
Na+ ions without the use of templates or catalysts.
2. Experimental procedure
2.1. Synthesis
All starting materials were of analytic reagent grade and distilled water as
solvent was used directly without further treatment. For the synthesis of the
Na2V6O16·nH2O sample, in the ﬁrst procedure, a solution was prepared contain-
ing 0.06M of V2O5nH2O presenting a nanoribbon morphology (sample SAM01). The
hydrothermal synthesis of the V2O5·nH2O sample presenting the nanoribbon mor-
phology (SAM01) is described in greater details elsewhere [25]. The SAM01 sample
was then mixed with 12ml of 0.1M NaOH (sodium hydroxide), forming a solution
with pH around 7, labeled sample SAM02.
In the second procedure, a solution containing 12ml of 0.1M NaOH (sodium
hydroxide) was added directly to a 0.06M solution of vanadium peroxide prepared
by mixing H2O2 and V2O5. In this sample, labeled SAM03, the pH was maintained
at around 2 after the addition of NaOH.
Inboth cases, themixed solutionswereplaced in a100-ml controlledhydrother-
mal cell. The temperature of the hydrothermal treatment studied ranged from 60 ◦C
to 200 ◦C for a period of 24h and then cooled in an ice bath to room temperature.
The brownish-red precipitate was dried at 50 ◦C for 24h. For all samples containing
NaOH, the ﬁnal pH observed was 7.
2.2. Characterizations
The long-range ordered structure of the samples was investigated by X-
ray diffraction (XRD) using a Rigaku D/Max-2500PC diffractometer with Cu k
(=1.5406 A˚) radiation. The water content in the synthesized products was
investigatedby thermal gravimetric analysis (TGA)usingaTG209NETZSCHthermo-
microbalance in a N2 atmosphere from room temperature up to 500 ◦C at a heating
rate of 10 ◦Cmin−1.
The size andmorphology of the vanadiumoxide nanoparticleswere determined
using a Zeiss VP Supra scanning electron microscope equipped with a ﬁeld emission
gun, operating in a transmission mode (FE-STEM), a JEOL JEM 2010 URP operat-
ing at 200KeV, and a JEOL JEM 3010 URP operating at 300KeV. The mean width
distribution was estimated based on measurements of at least 300 nanostructures
in the FE-STEM images and by ﬁtting the resulting distribution using a Gaussian
function. The chemical analysis of the samples was performed by energy dispersive
X-ray spectroscopy (EDS) using an EDS Thermo-Noran equipped with a Si detector
attached to the JEOL JEM 2010.
Fig. 1. XRD patterns of the as-prepared samples SAM01, SAM02 and SAM03.
The electronic and local atomic structure around the vanadium atoms were ver-
iﬁed using the X-ray absorption spectroscopy (XAS) technique. The XANES (X-ray
absorption near-edge structure) spectrum was measured at the V K-edge using the
D08B-XAFS2 beam line in the Brazilian Synchrotron Light Laboratory (LNLS). The
VanadiumK-edgeXANES spectrawere collected in transmissionmode at room tem-
perature using a Si (1 11) channel-cut monochromator from 40eV below and 80eV
above theedgewith anenergy stepof 0.3 eVnear the edge region. TheXANES spectra
of the samples deposited on polymeric membranes were collected with the sam-
ple placed at 90◦ relative to the X-ray beam. To provide good energy reproducibility
during the XANES data collection, the energy calibration of the monochromator was
checked using a V metal foil while the data were being collected.
3. Results and discussions
The sample obtained from the solution treated at 120 ◦C for 24h
was not deemed as providing an efﬁcient condition for obtaining
theNa2V6O16·nH2Onanostructured sample. On the other hand, the
solution hydrothermally treated at 200 ◦C for 24h was observed to
show similar structural results to those of the sample treated at
140 ◦C for 24h. In this sense, only the results relative to the sample
treated at 140 ◦C, which provided more efﬁcient results under all
synthesis conditions, are presented.
Fig. 1 shows the XRD patterns of SAM01, SAM02 and SAM03
samples. The XRD pattern of sample SAM01 used as the starting
solution for the synthesis of SAM02 sample displays, as previously
observed, a series of 00l diffraction peaks indicating a preferen-
tial orientation in the c direction, typical of a layered structure
[25]. All XRD peaks were indexed as the V2O5nH2O monoclinic
crystalline phase [25]. From the analysis of the XRD patterns of
SAM02 and SAM03 samples, the synthesis of NaOH containing the
samples that used both hydrothermal procedures resulted in the
formationof theNa2V6O16·3.0H2Onanostructuredphase, themon-
oclinic space group with lattice parameters a=12.17 A˚, b=3.602 A˚
and c=7.78 A˚, with ˇ =95.03◦ (JCPDS ﬁle no. 16-0601). Concerning
its structure, according to Wadsley, Na2V6O16·3.0H2O nanostruc-
tured compound consists of V3O8 layers and interstitial hydrated
Na ions [28]. The V3O8 layers are composed of VO6 octahedra and
V2O8 units of edge-sharing square pyramids where hydrated Na
ions are located between these layers [28].
The water content and thermal stability were investigated by
thermal gravimetric analysis (TGA). Fig. 2 presents the TGA pro-
ﬁles of samples SAM02 and SAM03, indexed as Na2V6O16·3.0H2O
by XRD pattern. The TGA proﬁles for the two samples are found
to be similar when compared with the results presented in the
literature, exhibiting two evidenced dehydration steps [8,17]: at
room temperature, the samples contain respectively around 3.3
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Fig. 2. TGA proﬁles of the samples SAM02 and SAM03.
and 2.2 of water molecules relative to the amount of Na2V6O16 for
samples SAM02 and SAM03. The main difference concerning the
water molecules in the samples could be related to the amount of
adsorbed water molecules in the range of about 50 ◦C and 125 ◦C,
whereas for sample SAM03 it is signiﬁcantly lower than SAM02 and
that reported in similar works [8,17].
The morphology and size of the resulting nanostructures were
observed in bright ﬁeld FE-STEM images, Fig. 3a and b. The mor-
phology of samples SAM02 and SAM03 are very similar to the
uniform wire-like morphology. Fig. 3c shows the dark ﬁeld FE-
STEM image of the same region as sample SAM03 (Fig. 3b), where
it was observed that the sample is formed by an agglomeration of
nanowires. The mean width distributions are illustrated in Fig. 4a
(SAM02) and Fig. 4b (SAM03), presenting a very close mean width
distribution of 25±6nm and 24±7nm, respectively. This mor-
phology is different to that reported by Yu et al. [17] but is quite
similar to observed by Zhou et al. [8]. The sample obtained through
hydrothermal treatment at 200 ◦C for 24h also presents a similar
morphology but with a larger width size, not shown here.
With regards to the sample chemical composition, the EDS anal-
ysis, Fig. 5b, of the region indicated as A in Fig. 5a, conﬁrms the
presence of only V and Na elements for sample SAM03. The small
peak below 0.5KeV and the peaks around 8 and 9KeV are related
Fig. 3. (a and b) Bright-ﬁeld FE-STEM images of the samples SAM02 and SAM03, respectively; (c) dark-ﬁeld FE-STEM images of the sample SAM03.
Fig. 4. Mean width distribution of sample SAM02 (a) and sample SAM03 (b).
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Fig. 5. (a) Bright-ﬁeld FE-STEM images of the sample SAM02; (b) EDS analysis of the region A, indicated in (a).
Fig. 6. (a) HRTEM image of sample SAM02; (b) an expanded HRTEM image of region A, indicated in Fig. 5a.
to the presence of carbon from the ﬁlm that recovered the grid
and copper element of the grid respectively. For sample SAM02,
the EDS analysis was also performed and a similar result was
obtained.
The HRTEM image of sample SAM02, Fig. 6a and b, shows the
polycrystallinenatureof these samples,which is in goodagreement
with the XRD. In fact, the images show some regions with different
contrasts that could be related to the relatively high porosity of
thematerial. Thismorphology andpolycrystalline nature of sample
SAM03 were also observed, therefore it will not be presented here.
The growth mechanism of these 1D nanowires is still unclear.
However, it is clear from the above results that the growth pro-
cess does not present a template-directed dependency nor is it
related to the presence of additives as proposed in previous works
[8,17]. Based on the results presented in this work, it seems that
the nanowire growth mechanism is independent of the synthe-
sis route adopted. In both procedures, the reaction between NaOH
andV2O5·nH2Onanoribbons takes place because the increase in pH
causes V2O5·nH2O nanoribons instability, giving rises to polyvana-
dates species, thus leading to the formation of Na2V6O16·3.0H2O
nanowires [24]. Hence, the polyvanadate species behave as molec-
ular precursors for the layered oxides, reacting with the Na2+ ions
and causing the growth of Na2V6O16·nH2O nanowires regardless
of the synthesis route. Pang et al. also attributed the formation of
Ba1+ xV6O16·nH2O nanobelts to the reaction between polyvanadate
species formed by increasing the pH and Ba2+ ions in the solution
[29]. In a similar way, Zhou et al. reported that the layered oxides
formed by polymerized polyvanadate species reacting with the
Na2+ ions where the vanadate chains linked by sharing the edges or
the corners to form 3D framework structures, in which the sodium
ions can accommodate these framework tunnels. As a result, these
chain structures may contribute to the preferential growth of 1D
nanostructures consistent with the vanadate sodium crystal struc-
ture [8]. Yu et al. also reported that the polymerization of vanadates
species gives Na2V6O16·3.0H2O 1D nanostructures [17]. Neverthe-
less, Yu et al. as well as Zhou et al. attributed Na2V6O16·3.0H2O 1D
Fig. 7. Normalized vanadium K-edge XANES spectra of reference compound (V2O5
orthorhombic phase) and the as-prepared SAM01, SAM02 and SAM03 samples.
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Fig. 8. (a) The expanded view of the pre-edge region of normalized XANES and (b) an expanded view of the ﬁrst derivative to the pre-edge region for the samples SAM01,
SAM02 and V2O5 orthorhombic phase as reference compound.
nanostructure formations to the presence of inorganic ions such as
F− and SO42−, respectively [8,17].
However, the formation of Na2V6O16·nH2O nanowires through
a one step route for sample SAM03 seems to be more interesting.
It seems that the formation of multicomponent 1D nanostruc-
tures using this methodology depends on the ions in the solution
[8,17,21,30]. For instance, uponusing theV2O5–H2O2 route inorder
toobtainavanadiumbasedmulticomponent samplecontainingMn
atoms, Lei et al. obtained a solution containing a MnV6O6 mixture
presenting nanoparticle and nanobelt morphologies [30].
Fig. 7 shows the normalized XANES spectra of the samples
compared to the V2O5 orthorhombic crystalline phase used as
the reference compound. The main difference between the XANES
spectra is related to the lower intensity of the pre-edge peak of
sample SAM01 and the differences in the oscillations after the edge.
The pre-edge peak in this case is related to the transition from
V 1s states to V 3d states forbidden by the dipole selection rules
in centrosymmetric systems, however allowed in noncentrosym-
metric systems via hybridization between the V 3d and O 2p states
[25,31]. The intensity of the pre-edge peak showed a strong depen-
dence on the local structure around vanadium atoms, indicated by
the degree of distortion in the ﬁrst shell oxygen atoms [31].
Fig. 8a shows a magniﬁed view of the pre-edge region of the
XANES spectra presented in Fig. 7. As samples SAM02 and SAM03
exhibit a similar behavior, Fig. 7, only details the changes in the
pre-edge peak for the sample SAM02, which is shown in Fig. 8a
and b. As observed in our previous work, the lower intensity of
the pre-edge peak of sample SAM01 in XANES spectra is related
to the higher degree of symmetry within the VO5 square pyra-
mid in the V2O5·nH2O nanostructure [25,31]. Although the V2O5
orthorhombic phase is composed of VO5 octahedral units, while
Na2V6O16·nH2O (samples SAM02 and SAM03) is composed of VO6
octahedral units [19,28], the analysis of the pre-edge peak of these
twosamples shows that the local structure aroundvanadiumatoms
are quite similar.
The pre-edge and the main edge energy are sensitive to varia-
tions in the oxidation state of vanadium atoms [25,31]. Fig. 7 shows
that the main edge in samples SAM02 and SAM03 are similar to
the V2O5 orthorhombic phase. Also, Fig. 8a and b shows, respec-
tively, that the energy of the pre-edge peak and the ﬁrst derivative
of the pre-edge peak region in sample SAM02 are similar to that of
the V2O5 orthorhombic phase, indicating that the oxidation state
of vanadium atoms in Na2V6O16·nH2O nanowires is similar to the
reference compound, i.e., V5+. This result differs from that reported
by Zhou et al. that observed the presence of a mixed valence in
Na2V6O16·nH2Onanostructured compound [8]. For sample SAM01,
a peak shifting toward a lower energy and a broadening which
when compared to the reference compound indicated a mixed
valence state with V4+ and V5+ ions, are in good agreement with
the literature [25,31].
4. Conclusions
In conclusion, high-purity Na2V6O16·nH2O nanowires, in a
monoclinic phase, were synthesized using a simple and envi-
ronmentally friendly hydrothermal synthesis at low temperature
without the addition of any surfactant or counterions. XANES
results indicated that the local structure of vanadium (preferen-
tially V5+) in the nanowires possessed a degree of symmetry similar
to that of the V2O5 orthorhombic phase. The simple and efﬁcient
synthesis route proposedherein is presumed to be applicable to the
synthesis of different 1D nanostructured multicomponent metal
vanadates.
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